INTRODUCTION
It has long been recognized that a molecular gas glow discharge is a prolific source of chemically active radicals. However, it was not until the last twenty years or so that glow discharges were used to provide active radicals for the etching of solid materials. The first major application of this type was the use of oxygen glow discharges to volatilize carbonaceous materials such as photoresists (1) . In the mid-1960s this approach was extended to the etching of silicon and its compounds using glow discharges of fluorine-and chlorine-containing gases (2) . Beginning in the mid-1970s and continuing up to the present time (mid-1982) , there has been an explosive growth in the use of reactive gas glow discharges for etching of solids. The driving force behind this growth has been the need for anisotropic or directional etching processes in microfabrication technologies-most notably in the elec tronics industry. Many lithographic patterns now have minimum feature sizes in the 1-3-J.Lm range and isotropic etching processes, either wet or dry, cannot maintain the dimensional control necessary to replicate these small features with acceptable yield.
Associated with this rapid growth has been a proliferation of etching equipment, accompanied by a sometimes confusing terminology. Early work was performed with "plasma ashing" or "plasma stripping" equip ment originally intended for oxidative volatilization of carbonaceous layers. In these systems, the surface to be etched is immersed in the glow discharge without an applied electrical bias (i.e. the surface resides at the floating potential in the plasma). These so-called barrel systems usually etch isotropically; and hence, are unsatisfactory for most high resolution etching tasks. Recognition of the importance of energetic ion bombardment in obtaining etching directionality led to the use of "planar systems" (3, 4) in which energetic ion bombardment of the surface to be etched can be easily 91 0084-6600/83/0801-0091$02.00 implemented. In these planar systems, the surfaces to be etched can be placed either on the rf-powered electrode or on the opposite grounded electrode. The location of the surface to be etched is but one of a large number of parameters associated with glow discharge equipment; and, unfortunately, the influence of many of these parameters on the etching process is not known. This parameter complexity is one of the major problems facing this technology and often results in prolonged process development procedures.
The term plasma etching means different things to different people and consequently is not used without clarification in this discussion. The term plasma-assisted etching is used here to refer to all etching of solids in reactive gas glow discharges in which volatile products are formed, regardless of the apparatus used or the region of the parameter space involved. The term reactive ion etching (RIE) is used to refer to a plasma-assisted etching process in which the surface to be etched is placed on the rf-powered electrode (this is referred to as reactive sputter etching by some authors).
The literature associated with plasma-assisted etching technology is too extensive to review in detail in this discussion. Several review articles have already appeared (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) and the object of this survey is to summarize the situation as it exists now, covering both mechanistic phenomena and some equipment considerations.
MECHANISTIC ASPECTS Directionality
The ability of certain plasma-assisted etching configurations to etch a solid directionally is the most important characteristic of the process. Directional etching requires that the etch rate normal to the plane of the surface be larger than the etch rate parallel to the surface (undercut etch rate). It is generally agreed that directional etching is caused by energetic particle (usually positive ions) bombardment of the etched surface. When the heights of topographical features on the etched surface are much smaller than the thickness of the plasma-surface sheath, only surfaces visible from above are subjected to direct ion bombardment. That is, vertical walls or surfaces protected by an overhanging mask edge are not subjected to appreciable ion bombardment, although some reflected ions or energetic neutrals may collide with these surfaces. Energetic ion bombardment of a surface that is simultaneously subjected to a flux of chemically active neutral species increases the efficiency with which the neutral species react with the surface. This effect has been observed both in glow discharge environments (3, 18, 19) and in directed-beam experiments (20) (21) (22) (23) .
Several factors influence the manner and extent to which this ion-enhanced gas-surface chemistry can result in a directional etch process. One such factor is the etch rate dependence on ion energy for a surface exposed to a fixed flux of reactive neutral species. Figure 1 shows such a dependence of two hypothetical materials. It is important to recognize that the etch rate with zero ion energy (spontaneous or purely chemical etch rate) is the undercut etch rate, whereas the vertical etch rate is determined by the energy of the incident ions. As Figure 1 is drawn, very little directionality can be obtained for material A, whereas material B, which has a very small undercut etch rate, will etch with almost vertical sidewalls. Examples of systems behaving like material A are Si-F and AI-CI (or CI2); examples of systems behaving like material B are Si02-F, C-F (or CI), and Si (p-type or intrinsic)-Cl. Quite often a combination of the systems shown in Figure 1 can be utilized. For example ifSi is etched in a fluorocarbon etch gas, some of the carbon from the etch gas (in the form of CF x radicals predominantly) will arrive at the sidewalls and greatly retard the sidewall etching (undercut), since the deposited carbonaceous material behaves like material B. The carbon arriving at surfaces that are subjected to ion bombardment is rapidly gasified and consequently does not retard the vertical etch rate to the same extent. 
Ion Energy (at fixed current density) Figure 1 The etch rate of two hypothetical materials as a function of the energy of an incident ion beam at fixed current density. The flux of reactive neutral species simultaneously incident on the surface of the materials is kept constant.
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XeF2 Flow Rate (10 15 Molecules/sec) Figure 2 The silicon etch rate as a function of the flow rate of XeF 2 molecules with and without simultaneous i-keY Ne+ bombardment. This curve was taken from Reference 22.
A second factor that strongly influences the directionality is the relative fluxes of the ions and the neutral species. Clearly, as long as spontaneous etching takes place, it will be possible to overwhelm the ion-enhanced etch rate with a large spontaneous etch rate (simply by making the ratio of the neutral flux to the ion flux very large); this results in an isotropic etch process. Conversely, it will also be possible to decrease this ratio to the point where the ion-enhanced etching dominates and causes a directional etch. This is illustrated in Figure 2 in which the etch rate of silicon with and without simultaneous ion bombardment is shown as a function of the flux of neutral species (XeF 2)' Figure 2 , which is a representation of data recorded in a directed beam system (22) , can be used to deduce qualitatively the influence of various discharge parameters on directionality (16) .
Selectivity
Selectivity relates to the etch rate ratio between two materials exposed to the same plasma conditions. Good selectivity in an etching process is needed when a thin layer of one material is being etched through to another material. Such a situation is encountered in etching contact holes through Si02 down to Si. Good selectivity is also needed if a relatively thin mask material is used to pattern a deeply etched substrate.
Several factors can be involved in determining the etch rate ratio of two materials. One obvious factor, which sometimes can be put to advantage, is the volatility of the gas-surface reaction product. Materials that form involatile products (e.g. AI-F) will etch much more slowly (if at all) than materials that form volatile products. This is true even under RIE conditions where the surface is subjected to energetic ion bombardment. Occasionally this approach has been used to develop etch-resistant masks (24) . However, the introduction of materials that form involatile etch products into a system where energetic ion bombardment is involved can result in severe topography developing on the etched surface (25, 26) , or device malfunctions if the involatile material is electrically active. Recently this approach was used to prolong the lifetime of photoresist masks in oxygen plasmas by incorporating silicon-containing entities into the resist ( 27) .
A second factor that sometimes is important in determining selectivity is the extent of energetic ion bombardment. With reference to Figure 1 , it is dear that the ratio of etch rates for material A and material B is large with no ion bombardment, but decreases toward unity as the energy of ion bombardment is increased. Often the simultaneous requirement of a directional etch process precludes taking advantage of this aspect of selectivity.
A third way of introducing selectivity into an etch process, and probably the most important way, was first described by Heinecke (28) as a method for obtaining high Si02/Si etch rate ratios. Heinecke found that iffl.uorine deficient (with respect to CF4) fluorocarbon plasmas were used, then much larger sio2/si etch rate ratios could be obtained. (A fluorine-deficient plasma is one where the ratio of F atoms to CF x radicals is relatively small.) This approach has been used successfully by many groups (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) to obtain high Si02/Si etch rate ratios and an example is shown in Figure 3 (39) . The fluorine deficiency has been introduced using several different methods, all of which increase the Si02/Si etch rate ratio.
The mechanism believed to be responsible for this effect is the blocking action of carbon (or halocarbon polymer) on the etching process (9, 40) . Carbon arrives at surfaces in various ways, for example CF: ion bombardment (40) or dissociative chemisorption of CF x radicals (41) . As the discharge is made more and more fluorine deficient, the etch rate is retarded by the presence of the carbon on the surface. This retardation is less severe on surfaces containing oxygen because the oxygen provides a means of gasifying the carbon as CO, CO2, or COF 2. Consequently, etch rate selectivity can be expected for any oxide-non oxide combination. This explanation is consistent with known experimental observations and has been supported by in situ surface analysis of plasma-exposed surfaces (42) .
One might expect a similar mechanism to be involved in the selective etching of nitrides in a system containing hydrogen since HCN forms readily in a plasma environment (43) . This mechanism is consistent with the high SiNx/Si etch rate ratios observed in a fluorine-deficient discharge where the fluorine deficiency was caused by adding hydrogen to CF4 (31) . Therefore, good SiOz/SiNx etch rate ratios might be expected in fluorine deficient discharges where the fluorine deficiency does not involve the presence of hydrogen (discharges that use C3F 8, CF4 + C2F 4, CF4 + heavy Si loading, etc). This expectation is not supported by experimental data which, in fact, indicate that SiNx behaves more like Si02 than like Si in hydrogen-free fluorine-deficient plasmas (30, 33) . Evidence that nitrogen does combine with carbon to form CN radicals has been presented (44, 45) and it has been suggested (33) that the carbon is volatilized as FCN in this hydrogen-free case. However, one must always keep in mind the possibility of significant hydrogen concentration in SiNx films that are deposited by .. . .r:: u .. . chemical vapor deposition. These films would be expected to behave like Si02 from the arguments above.
Role of Oxidants
One of the earliest observations in the fluorocarbon discharge etching ofSi was the large increase in the Si etch rate caused by additions ( < 20%) of molecular oxygen to a CF4 plasma. There is agreement as to the general role of oxygen in this process; namely to react with fluorocarbon radicals and thus to liberate fluorine for etching (46) (47) (48) . This oxidation of fluorocarbon radicals can take place in the gas phase or on surfaces in the v a cuum system; the former is favored at high operating pressures. The detailed reaction sequences involved in this oxidation process have been discussed, but their relative importance will depend strongly on the parameters of the plasma system, and therefore a recognition of the general role of oxygen in this regard is probably adequate for most applications.
Loading Effect
In many plasma-assisted etching systems the etch rate decreases as a greater surface area of etch able material is exposed to the disc h arge. This "loading effect" (4) can create processing problems because in many instances, the area of material being etched decreases as the end of a run approaches (i.e. a film is etched completely through to an underlying etch resistant layer). Consequently the etch rate increases near the end of the run, making it more difficult to terminate the etch process at the optimum time. Over-etching with a large loading effect can result in severely undercut profiles. The reason for the loading effect i � that the etch process itself is the main consumer of etching species (49) and thus plays the major role in determining the concentration of etching species. A loading effect can be decreased by ensuring that the consumption of etching species is dominated by other factors such as wall reactions (50), the pumping system (51), or the etching of large noncritical surfaces.
Simplifying Concepts
Some simplying concepts have been derived to assist in qualitatively linking together many of the seemingly unrelated phenomena that influence etching processes. One approach, which is limited primarily to halocarbon discharges, is to think in terms of the stoichiometry (eg. the fluorine-to carbon ratio) of the active etching species (e.g. radicals, ions) and recognize that parameter changes that have a similar effect on the stoichiometry of these active species will affect the etching process in the same way qualitatively (9, 32) . For example, there are various ways of decreasing the fluorine-to-carbon ratio in a'CF4 plasma: (a) add H2 gas, (b) add CxF y gases, (c) add CxH y gases, (d) increase the etching of any solid that consumes fluorine such as Si, C, polyethylene, etc, and (e) replace CF4 with CHF 3' Each of these approaches will have similar effects on the etching process, which, in this case, include higher Si02/ Si etch rate ratios, more directional Si etching, and a tendency to form polymer on grounded surfaces. Similar insight can be obtained by thinking in terms of etch ants and unsaturates ( 14, 47, 52) , and recognizing that the very reactive F and 0 atoms cannot coexist with significant concentrations of unsaturated species.
Another simplifying approach to treating plasma processes is based on conservation of the elemental species participating in the plasma chemistry (53) . One can write simple expressions bas e d on conservation of fluorine and carbon, for example, which relate the etch rate to the gas phase species evolved. These expressions can be used to clarify some of the previously described phenomena such as the loading effect, the role of oxygen and hydrogen, the relation between Si etch rate and CO, CO2, and COF 2 evolution in CF 4-02 plas m as, etc.
Controversial or Poorly Understood Phenomena

RADICAL-SURFACE CHEMISTRY
Most of the work on the basic radical surface chemistry of interest in plasma-assisted etching has involved the Si F system. Much information has been obtained in these basic studies; for example, the reaction coefficient for F atoms on Si and the activation energy associated with the reaction were determined (54), the relatively stable SiF x layer present on fluorinated Si was characterized (55) , and the IR and visible chemiluminescences produced during Si-F reaction were studied (51, 56, 57) . However, even in this most thoroughly studied system, only recently have careful measurements of the primary etch products been made (58) (59) (60) and there is still some question as to the species involved in the emission of the visible chemiluminescence (60) . There has been considerable discussion as to the microscopic details of the F atom gasification of Si (14, 54) , but the situation is still not totally clear and more definitive experimental studies are needed. Recently the similarity between oxidation and halogenation reactions was discussed (17) .
The information available regarding the details of radical-surface chemistry pertaining to other materials systems of technological interest is sparse. These systems include SiOz-F (61), Si-CI (62, 63), C-F (64), C-Cl, SiOz-CF x' SiNx-F, AI-CI, AI20rCI, AI203-CClx, AI20rBClx, GaAs-CI, etc. Of particular interest is the possible reducing action of halocarbon radicals on oxide surfaces. There is some plasma-based evidence (6, 65, 66) suggesting that such a reducing action may take place for CClx and BClx radicals incident on Al203 (although probably only in the presence of energetic particle bombardment). The importance of Al etching in tech-nology should soon stimulate basic studies in this area. The spontaneous etching of Si02 by laser-generated CF 3 radicals was reported (67), but it is not clear that these radicals were in the vibrational ground state. In this regard, the importance of vibrational excitation in gas-surface reactions has been demonstrated with the rapid etching of Si at room temperature using vibrationaUy excited SF 6 molecules (68, 69).
ION-ENHANCED GAS-SURFACE CHEMISTRY
In order to ' fuUy understand plasma-surface interactions, it is necessary to study not only radical-surface chemistry alone, but also to study the role of energetic particle bombard ment in accelerating the radical-surface reactions. Once again the Si-F system has received the most attention in this regard, and surprisingly large etch yields (21, 22) have been observed (e.g. ' " 25 Si atoms per I-keY Ar + ion in the presence of excess atomic-like fluorine). Some evidence (70) indicates that this large yield is caused by a very efficient gasification of the SiF x layer on fluorinated silicon, which essentially overwhelms the relatively in efficient F atom gasification. An alternative explanation for the role of energetic ions, involving damage-enhanced processes, has been advanced (14, 52) . Regarding the detailed reaction mechanisms by which one energetic ion can liberate 25 Si atoms from the surface as gaseous SiF x species, very little is known. The situation involves questions not unlike those that have been asked for many years regarding ion-solid collision phenomena as encountered in physical sputtering and secondary ion mass spectrometry. Needless to say, much less is known regarding the mechan isms of ion-assisted chemistry in other materials systems.
FLUX-OR COVERAGE-DRIVEN REACTIONS
Certain gasification processes may require large fluxes of the reactant species. Si02 is etched by F atoms when high fluxes are used (61), whereas no Si02 etching is observed with lower fluxes of XeF 2 (71) . This result may be evidence that XeF 2 and F atoms are not equivalent chemically, but it also may be related to relative fluxes in the two experiments. Flux-driven chemistry may also be involved in the Si (intrinsic)-CI reaction because in low pressure Clz plasmas (10 millitorr) very directional etching of Si is observed (72) , whereas at higher pressures (0.3 torr) extensive undercutting is observed (50) . The possible role of flux-driven processes is discussed in detail elsewhere (17) .
THE EFFECT OF DOPANTS OR IMPURITIES IN si ETCHING The effect of dopants on the etch rate of Si was demonstrated in several experimental studies (50, (73) (74) (75) (76) . The effect is seen clearly when deep trenches are etched in silicon through a layer that has been heavily doped with a donor impurity. When low pressure chlorine plasmas are used to etch the trench, a large undercut is observed in the n-type layer but no undercut is seen in the intrinsic or p-type regions (75) . This phenomenon was studied carefully by Mogab & Levinstein (50) , and the etch rate of heavily doped n-type Si increased by a factor of 15 relative to the etch rate of undoped Si. This study pointed out that if the dopant itself is not electrically active, the Si etch rate is not influenced by the dopant concentration. In addition, n-type Si etches more rapidly and p-type Si etches more slowly in CF4 plasmas (74, 76) . The role of alkali impurities in this process has also been carefully studied (76) . The results show quite clearly that the etch rate of Si is related to the density of electrons in the conduction band of the Si. It has been suggested that the etch rate increase is caused by a more ionic Si-Cl bond, which enables the volatile etch product to be formed more easily (14, 52) .
EQUIPMENT-AND PROCESS-RELATED TOPICS Plasma Potentials
The importance of energetic particle bombardment in plasma-assisted etching chemistry requires that the plasma potentials in etching equipment be known at least qualitatively. The plasma potential is the electrical potential of the central region of the glow discharge (well away fr om plasma-surface boundary sheaths) and is usually referenced with respect to ground. In rf discharges, the plasma potential Vp(t) will vary in time with the frequency of the applied rf power. The time-averaged plasma potential Vp can range from close to ground potential to several hundreds of volts positive (77) depending on such parameters as pressure, rf power, excitation electrode-to-ground de impedance, and geometry of the system. In almost all gases encountered in plasma-assisted etching technology, the negative current is carried predominantly by electrons. Electrons are much more mobile than ions and can follow the rf excitation electrode voltage, which typically has a frequency of 13.56 MHz; the positive ions are not able to follow at this frequency. This mobility difference in the charge carriers means that the potential of the plasma Vp(t) will tend to follow the potential of the most positive boundary surface or electrode.
The plasma potential depends very much on the way in which the rf power is coupled to the excitation electrode. If the rf power is dc coupled to the rf electrode (see Figure 4a) , the plasma potential is large because the plasma tends to follow the large positive excursions of the excitation electrode voltage. In this case the amplitude of �(t) will depend on the area of the excitation electrode relative to the area of all other surfaces in contact with the discharge (78, 79) . In Figure 4a voltage relative to the amplitude of the applied rf voltage is also determined by the area of the excitation electrode relative to the area of other surfaces interacting with the discharge (78, 79) . In Figure 4b , the voltages have been drawn for a case in which these areas are approximately equal, whereas in Figure 4c the area of the excitation electrode is much less than the area of other surfaces contacting the discharge. It can be seen from Figure 4 that the plasma potential will be low when Vdc is comparable to the amplitude of the applied rf voltage Vet).
Sources of Energetic Particle Bombardment
The most important form of energetic particle bombardment on surfaces in plasma-assisted etching systems is positive ion bombardment. The maxi mum energy with which positive ions can bombard a surface in a plasma is determined by the difference in potential between the plasma Vp(t) and the surface y'(t). Collisional processes in the sheath region between the plasma and the surface can decrease the average energy of ions incident on the surface, and this is a very large effect when the ions can undergo resonant charge transfer with the neutral gas (80) . In the context of energetic positive ion bombardment, it is important to understand qualitatively which of the conditions depicted in Figure 4 is applicable to the plasma system in question. If the apparatus is described by either Figure 4a or 4b, then there is no sigificant difference between etching of surfaces on the grounded electrode and etching of surfaces on the powered electrode because both electrodes are subjected to similar energetic positive ion bombardment (see bottom plots in Figure 4) . This categorization includes systems that are dc grounded as in Figure 4a , systems that operate at high pressure, and systems that are geometrically symmetric (powered electrode area about equal to other surface areas). If the apparatus is described by Figure 4c , there is a large difference between the etching behavior of surfaces placed on the powered electrode (reactive ion etching mode), which is subjected to energetic positive ion bombard ment, and the etching behavior of surfaces placed on the grounded electrode, where the energy of the incident positive ions is relatively low. This type of behavior is found in systems that are geometrically asymmetric (small area excitation electrode) and operate at relatively low pressure (less than a few hundred millitorr). The fact that only the powered electrode is subjected to high energy ion bombardment (Figure 4c ) has the advantage that there is less possibility of involatile contaminants being sputtered from walls and fixtures and arriving at etched surfaces to cause either topo graphical or electrical difficulties. This problem is less serious at high pres sures where the voltages are lower (less sputtering) and the sputtered con taminants are less likely to reach etched surfaces because of the short mean free path between collisions in the gas phase. The asymmetric systems (Figure 4c ) are sometimes adversely affected by polymer deposition on the grounded surfaces. Energetic ion bombardment sup presses polymer formation and subsequently this is a less serious prob lem in the high plasma potential systems.
Negative ions and electrons are much less important than positive ions in the context of plasma-assisted etching. Since surfaces rarely if ever are more positive than the plasma potential, negative particles formed in the bulk plasma have very little energy when they reach surfaces. (This is not true in plasmas where negative charge is carried almost exclusively by negative ions, but this rarely if ever happens in plasma-assisted etching environ ments.) However, there is one situation in which negative charge carriers are important. If negative ions are created on or near the powered electrode in an apparatus of the type shown in Figure 4c , these negative ions will be accelerated into the plasma and can arrive at the grounded electrode with large kinetic energy (81, 82 ). This effect is not possible in the Figure 4a configuration and only low energy negative ions will arrive at the ground plane in Figure 4b . However, energetic electrons can arrive at both electrode surfaces in the Figure 4a and 4b systems because the electrons can traverse the plasma rapidly enough to respond to the instantaneous potentials in the system, whereas the much slower negative ions respond to the time-averaged potentials when long path lengths such as interelectrode spacings are involved.
Frequency and Pressure Variables
Frequency and pressure have somewhat similar effects on plasma-assisted etching processes in that, if either frequency or pressure is decreased, larger voltages are required to maintain a constant power discharge (14, 52) . That is, at low frequencies or low pressures, ion energies will be larger, and more directional etching can be expected. Pressure is a variable that has been studied by many workers but, because ofthe greater experimental difficulty, very little work has been reported regarding etch rate behavior as a function of frequency (83, 84) . However, many different discrete frequencies have been used in plasma equipment.
As was mentioned briefly in the preceding sections, the ability of the positive ions to fo llow the voltage applied to the excitation electrode will influence the energy of the ions arriving at surfaces. At low frequencies, the ion energies will reflect the instantaneous difference in potentials [V p (t) -y'(t)], whereas at high frequencies the ion energies will be indicative of the time-average potentials in the system. An example of the energy distri butions of positive ions incident on the grounded electrode in an apparatus of the type represented in Figure 4c is shown in Figure 5 for lOO-kHz and 13.56-MHz excitation frequencies. The relationship between the excitation voltage and the energy distribution is illustrated in Figure 6 fo r the lOO-kHz case. From these figures, it can be seen that lowering the frequency at a constant applied rf amplitude will increase the maximum ion energy incident on surfaces. Furthermore, the amplitude ofthe rfvoltage increases dramatically as the frequency is decreased while maintaining a constant rf power (84, 85) , resulting in larger ion energies at low frequency.
The pressure dependence of plasma-assisted etching processes has probably been measured more often than any other parameter dependence, with the possible exception of rf power. These studies are performed most often for process optimization because it is difficult to extract mechanistic insight from pressure dependence data. The reason for this interpretational difficulty is the inevitable variation of other important parameters that occurs as the system pressure is changed. First of all, in order to vary pressure, it is necessary to change either the gas flow or the residence time (i.e. pumping speed) and both these parameters are important in plasma- Ion Energy (with respect to ground) in eV Figure 5 Energy distribution of ions measured at the grounded electrode in an apparatus similar to that illustrated in Figure 4c fo r tOO-kHz and 13.56-MHz rf power applied to the excitation electrode. Argon glow discharge pressure is -50 millitorr. The 1 OO-kHz data were recorded using the ArH+ ion, whereas the 13.56-MHz data were recorded using the Art ion.
All ionic species show qualitatively similar energy distributions except the Ar + ion, which has a large cross section for charge transfer. Unpublished data from K. Kohler et al (157) .
assisted etching chemistry. Secondly, if the rf power delivered to the plasma is kept constant (this usually means assuming that losses in the impedance matching network are constant), the voltage at the powered electrode will be very dependent on pressure. Consequently, the mechanistic interpret ation of pressure dependence studies must contend with these other parameter effects. The choice of an operating pressure for a plasma process depends on several factors. High pressure (i.e. > 0.5 torr) operation will usually result in faster etch rates (other parameters being kept approximately constant) and consequently single-wafe r machines, which require extremely fast etch rates fo r throughput reasons, usually operate at high pressure. For comparable etch rates, high pressure operation requires lower voltages applied to the excitation electrode. This has the advantage of introducing less radiation damage, but it may have disadvantages when involatile or marginally volatile components are present in the solid to be etched. Low pressure operation will usually result in a more directional etch process, as discussed earlier in connection with Figure 2 . At high pressures: it is much easier to obtain the high gas flow rates that are often required for a good process;
Electrode VItI Figure 6 The relationship between the loo-kHz energy distribution shown in Figure 5 , the plasma potential Viti and the voltages �c and V(t) on the excitation electrode. [The precise shape of the Vp(t) wave form is not known and the v,, (t) shown in this figure is inferred from the relative intensities of the low and high energy peaks in the ion energy distribution.] also involatile species sputtered into the gas phase are less likely to cause problems because of both the lower ion energies and the shorter mean free path between collisions. The above points can only serve as a rough guide for the inevitable empirical optimization of the pressure parameter.
Gas Flow Rate
Whereas gas flow rate in inert gas discharges is important only to maintain a low concentration of impurities, several additional factors must be considered in molecular gas etching discharges. One such factor is the fr actional consumption (utilization factor) (86, 87) of the etching species relative to the number provided by the gas flow rate. Clearly this fraction cannot exceed unity, but it has been shown fo r the silicon-fluorine system with low gas flow rates that almost all the inje c ted etching species are converted to etch product (87) . This large fractional consumption of the etching species should be avoided in plasma-assisted etching processes.
A second fa ctor is the fraction of the injected monomer gas dissociated by the plasma and the degree to which the dissociation occurs (i.e. the nature of the radical fragments). This is a function of the electron density and energy distribution of the discharge and the average length of time a monomer molecule is in the discharge. This latter quantity is closely related to the residence time of the molecule in the etching system. Glow discharges, even at the lower power levels used in plasma-assisted etching, are very efficient in causing the dissociation of molecular gases. To ensure that all surfaces to be etched are subjected to a similar flux of reactive species, the flow rate should be large enough so that only a relatively small fraction (;5 20%, for example) of the injected monomer is dissociated in the plasma. It may be possible to exceed this condition in equipment where the gas flow patterns have been designed to provide a compensation mechanism of sorts, as is the case in the radial flow system (88) . This consideration of the extent of dissociation is extremely important when monomers that dissociate readily are used and when the fragments are rapidly depleted from the gas phase by condensation or reaction (e.g. iron carbonyls). The extent of dissociation may be less important ifthe fragments of dissociation are long-lived or if the monomer molecule is efficiently re-formed by recombination processes. Spatially-resolved measurements of the concentration of etching species would provide the best answer to this overall question, but, without such guidance, some processing improvements can be accomplished by using larger gas flow rates or lower rf power levels.
Single-Wafer Versus Batch Etching Systems
The recent trend in the manufacture of etching systems has been to single wafer machines. This approach has become feasible fr om a wafer through put point of view as the wafer size has increased and as processes have been developed giving etch rates in excess of a micrometer per minute. Single wafer processing offers numerous impressive advantages: (a) the wafer-to wafer uniformity problem, which is often difficult to deal with in large batch systems, is avoided; (b) end-point detection can be carried out on each individual wafer, thus allowing the operator to compensate fo r previous process variations; (c) the problems associated with process scale-up are eliminated; (d) modifications are cheaper and simpler to implement; (e) a single-wafer system malfunction destroys only one wafer; (f) automated wafer handling may be easier to accomplish in a single-wafer system; and (g) the capital cost and space requirements are smaller for single-wafer systems.
The problems associated with single-wafer processing lie in the overlap ping requirements of pattern replication quality and throughput. In order to obtain the necessary throughput, very fast etch rates are required, which in turn dictates a more "violent" process-that is, more power per unit area deposited on the wafer. The question to be answered by the user is : "Is the single-wafer process adequate from the point of view of resist degradation, wafer damage, pattern quality, etc?" If the answer to this question is yes, it should be anticipated that single-wafer machines will play a maj or role in plasma-assisted etching tasks. It might be anticipated that the answer will be yes only for certain etch processes and that the more gentle batch process will be required for some more critical etching steps.
Reactive Ion Beam Etching and Ion Beam Assisted Etching
Ion beam milling (89), in which a beam of energetic inert gas ions is used to sputter-etch solids, has several important advantages relative to inert gas glow discharge sputter etching: (a) a long mean free path for the sputtered species resulting in less back reflection of sputtered material onto the sputtered surface ("crosstalk"); (b) easily variable angle of incidence ; (c) less parameter complexity; and (d) direct independent control and measure ment of ion energy and current density. As a result of these important advantages, ion beam milling has been much more widely used relative to inert gas glow discharge sputter etching for pattern transfer in micro fa brication technology.
The availability of ion beam milling machines has stimulated investi gations of etching with reactive ion beams, and many demonstrations of the capabilities of this approach have been presented. However, it is not clear that this approach will experience the same growth relative to plasma assisted etching methods as ion beam milling has experienced relative to inert gas glow discharge sputter etching. The big difference, of course, is the importance of neutral species in plasma-assisted etching, whereas neutral species play no role in glow discharge sputter etching.
In practice, the fa ct that the ion sources used in reactive ion beam etching are usually in close vacuum contact (i.e. large conductance) with the sample being etched makes it almost inevitable that an appreciable flux of radicals fr om the source will be incident on the sample. That is, as practiced, reactive ion beam etching is often just very low pressure plasma-assisted etchirig. This is not to say the approach does not have important applications. Good selective etching of Si02 relative to Si has already been demonstrated (90) (91) (92) (93) (94) and good Si3N4/ Si etch ratios obtained (95) . The finer control inherent in reactive ion beam equipment may be a big advantage in these applications. Wherever it seems desirable to have a large ion-flux-to neutral-flux ratio, reactive ion beam etching should be considered. This condition should be important in the etching of marginally volatile or involatile materials such as LiNb03 (96) and AI-Cu (97), or in the etching of very stable compounds such as Alz03 that are not easily gasified. The ability to vary the angle of incidence of the ion beam also has some useful applications (99) . If the ion source in reactive ion beam etching is well isolated (low vacuum conductance between ion source and sample), the flux of neutrals will be insignificant and the etching will be caused by the ion beam alone. The chemistry that can take place is quite limited when the ion beam is the only source of reactive species. For example, the chemical yield of F+ on Si (assuming SiF4 product) is 0.25 Si atoms per ion, which is less than the 1-keV sputtering yield. The chemical yield of CFt on Si02 is 0.75 Si02 molecules per ion and there is no net chemical yield for CFt on Si; in fact, carbon deposition has been observed at low ion 'beam energies (40, 100) .
A second beam etching method is called ion beam assisted etching (23, 101) , and involves a beam of energetic inert gas ions and a directed flux of reactive gas simultaneously incident on the sample. This is a more accurate analog of plasma-assisted etching in that the role of the ion beam is physical and the chemistry is provided by the neutral flux. Initially this configur ation was used to study the synergistic effects between gas-surface chemistry and energetic particle bombardment (20) (21) (22) , but the approach has been used to generate some intricate structures (23) , an example of which is shown in Figure 7 . It should be emphasized that in this approach, an active gas must be used: for example, CF4, which does not chemisorb on most surfaces, is not suitable. In addition, attention must be paid to the overall chemical situation in that CCI4 on AI, for example, is not a viable source of halogen because of the presence of the carbon. However, CCI4 on Alz03 is a possible candidate for chemistry to occur because the carbon can be volatilized as CO. In general, this approach is best utilized using the halogen gases that chemisorb readily on many surfaces. However, these gases are toxic and corrosive and therefore introduce gas-handling and pumping problems. This approach, like reactive ion beam etching, is capable of accurate pattern transfer and both methods will probably continue to be used. It does not seem likely, however, that they will dominate over plasma-assisted etching methods.
Etching of Materials Other than Silicon
Throughout the course of this discussion, the etching of silicon and its compounds has often been used as an illustrative example, simply because more is known about the Si-F system. A large number of other materials have been etched in plasma environments using a variety of etch gases, and the reader is referred to a recent comprehensive review on this subject (14) .
Probably the most challenging etching process currently being de veloped and introduced into semiconductor device manufacturing is the etching of aluminum (102, 103) and its technologically important alloys AI Si, AI-Cu, and AI-Cu-Si. The fluorine-containing gases used in the plasma assisted etching of silicon and its compounds cannot be used to etch aluminum because of the low vapor pressure of aluminum fluoride in the temperature range compatible with other processing requirements. The other halides of aluminum do have sufficiently high vapor pressures to allow plasma-assisted etching of aluminum. Chlorine-based gases have been used almost exclusively (e.g. CCI4, BCI3, Clz, SiCI4) and this poses special problems in the maintenance and construction of the vacuum pumping system.
One of the major difficulties in etching aluminum is the removal of the thin protective film of Alz03• This material etches very slowly (60, 104) , even with energetic ion bombardment, and the inevitable nonuniformity of the Alz03 etch rate coupled with the much faster etch rate of Al can lead to severe topography being developed on the Al surface. Some evidence has been presented (6, 65, 66) indicating that certain radicals such as CClx (x < 4) or BCly (y < 3) may be able to reduce the Al203 and accelerate the etch rate.
Other technical problems in the etching of aluminum include the • In many cases, gases (such as 0" H" inert gases, or, occasionally, halogens) have been added to the primary etch gas.
corrosion (24, 102, 103, 105) of the aluminum upon air exposure, the degradation of resist masks (102, 103) , the sensitivity to water vapor adsorbed on surfaces in the system upon air exposure, and the evolution of toxic gases during the etch process and by hydrolysis when the system is vented to air. Significant progress is being reported in these areas and the plasma-assisted etching of aluminum is considered by some to be suitable fo r a manufacturing environment. The etching of AI-Cu alloys (24, 65 ) is significantly more difficult than the etching of pure aluminum primarily because the marginal vapor pressure of copper chlorides requires that the etching be carried out either at elevated temperatures to volatilize the copper chloride, or under conditions of intensive energetic ion bombardment to sputter the copper fr om the surface. Furthermore, the presence of galvanic corrosion in AI-Cu alloys (105) poses more stringent requirements on the passivation procedure, which must follow the etch process.
Another very important application of plasma-assisted etching tech nology is in the etching of organic materials. As was mentioned in the introduction, this was the first use of plasma-assisted etching technology, and yet many applications have evolved fairly recently. Many ofthc ctching tasks involving organic materials are concerned primarily with removing a layer of material, often as a cleaning procedure. An example is the use of plasmas to remove drill smear from drilled holes in printed circuit boards (106, 107) . However, there is a growing interest in the patterning of organic materials with high resolution for lift-off structures (l08, 109). In most instances, oxygen plasmas are used and in some instances CF4 gas is added to the oxygen. The fluorine atoms liberated fr om the dissociation of the CF4 are able to abstract hydrogen fr om the organic material, thus rendering the carbon more susceptible to oxidation.
Plasma-assisted etching methods have been applied to many other materials also. The mechanistic understanding in these systems is rather sparse and in many instances the data is not adequate to assess the suitability of the process. Consequently this discussion is limited to the tabulation presented in Table 1 in which some of the materials that have been etched in plasmas are listed along with the gases that were used. A few of the more recent references are provided to assist the reader in finding more detailed descriptions of the work.
Plasma Diagnostics and Process Monitoring
The implementation of plasma-assisted etching technology is significantly impeded by the vast parameter space associated with the plasma equip ment. This parameter problem would be much less severe if it were possible to determine the flux and energy of species arriving at the surface being etched. Whereas this cannot be done at the present time, advances are being made in the diagnostics of reactive gas plasmas and those approaches that are compatible with a manufacturing environment are being used on a regular basis.
No attempt is made here to discuss in detail the many diagnostic procedures that can be used to monitor plasma processes. Only a very brief summary of the methods presently being used is given with some references covering the subject in detail.
The diagnostic method most widely used in plasma-assisted etching is optical emission spectroscopy (44, 45, 110) . In addition to being one of the most easily implemented techniques, optical emission spectroscopy pro vides information about both etching species and etch products. This approach is widely used for determining the end point of an etching process (110) and has provided valuable insight regarding etching mechanisms (46) The method is usually only qualitative and suffers fr om the disadvantage that the sensitivity for detecting a specific species is very dependent on the plasma parameters. An approximate method for calibrating this sensitivity was used in several instances (1 11-1 14) .
Mass spectrometry is also widely used in the study of reactive gas plasmas. Whereas direct ion extraction and modulated molecular beam methods do provide considerable useful information, these approaches are too complex fr om an apparatus point of view to be considered for routine plasma monitoring. However, simple mass spectrometric analysis of the effluent gas, while not as easy to implement as optical emission spectros copy, is quite compatible with manufacturing equipment. Mass spectrom etry of the effluent gas is usually insensitive to reactive radicals and condensible species, but high vapor pressure stable etch products such as SiF4 are easily seen and end points of etching processes are readily detected (1 15, 116) . The mass spectrometer is also very useful for leak detection and etch gas purity control.
Laser-induced fluorescence is now emerging as a method of monitoring the concentration of radicals and ions in reactive plasmas (117) . This approach has excellent sensitivity, has the potential of providing absolute densities, and has good spatial resolution. The major problem appears to be the complexity of the apparatus and, in addition, there are some species that cannot be easily detected with laser-induced fluorescence.
SUMMARY
The preceding discussion summarizes the current mechanistic-and equipment-related status of plasma-assisted etching technology. In spite of the complexity of the process and the vast parameter space associated with the equipment, plasma-assisted etching is currently being used in the fabrication of very large scale integrated circuits by most of the semi conductor manufacturers. It would appear that even more applications of plasma-assisted etching methods will evolve in the fu ture and it does not seem likely that any of the new dry etching methods such as laser-assisted etcning (118) will replace the plasma process to a significant extent in the near future.
However, there are still problems to be solved in plasma-assisted etching. There is still a need for new and improved diagnostics to help address the parameter problem. The aluminum etch process is at present only marginal from the point of view of a high throughput manufacturing operation, particularly if AI-Cu is involved. The entire question of device damage (119) (120) (121) (122) , surface damage (123) , and surface contamination (76, 124-1 27) , has been dealt with only by a few workers. As was mentioned in the discussion on mechanisms, most of the scientific work has been on the silicon system and much effort is needed to develop an understanding of the surface chemistry associated with the etching of other technologically important materials.
